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Abstract 

Surface  effect  on  optical  bistability  and  pump-probe  processes  for  coupled  exciton- 
phonon  systems  are  studied  theoretically.  When  a  laser  beaim  is  directed  on  an  exciton- 
phonon  coupling  system  inside  an  optical  cavity,  the  cavity  field  intensity  is  investigated 
as  a  function  of  the  driving  field  intensity  for  various  distances  between  the  sample  and  a 
metallic  surface  representing  one  of  the  mirrors  of  the  cavity.  It  is  found  that  the  direction 
of  switch  of  the  optical  bistability  can  be  controlled  by  adjusting  the  distance  from  the 
surface.  For  a  strong  laser  pump  field  and  a  weak  probe  field  directed  on  this  system 
located,  the  pump-field-induced  absorption  spectrum  is  investigated  for  different  distemces 
between  this  sample  and  the  metal  surface.  It  is  found  that  the  position  and  line  shape  of 
the  spectrum  are  significantly  changed  due  to  the  presence  of  the  surface. 


1.  Introduction 

The  investigation  of  optical  properties  of  molecular  systems  neau-  a  solid  surface  has 
been  of  great  interest  from  both  the  fundamental  zind  practical  points  of  view^“'*.  The 
study  of  am  atom  or  a  molecule  adsorbed  o  n  a  solid  surface  has  attracted  much  attention 
in  the  past,  both  theoreticadly  and  experimentally.  Exciton-phonon  coupling  systems  such 
as  organic  semiconductors  have  been  considered^  very  recently  instead  of  single  molecula 
r  systems  located  near  an  ideal  metal  surface.  Surface-induced  optical  bistability  has  been 
discovered,  and  its  nature  and  origin  investigated. 

In  this  paper  we  study  the  effects  of  the  metal  surface  on  optical  nonlinearity  of  an 
exciton-phonon  system  for  two  different  processes  of  laser-matter  interactions.  For  the 
first  process,  we  consider  optical  bistabili  ty  of  a  linear  chain  of  polydiacetylene-toluene- 
sulfonate  (PTS)  located  inside  an  optical  cavity  and  oriented  parallel  to  the  metal  surface 
of  the  mirrors.  For  the  second  process,  we  consider  the  pump-field-induced  absorption 
spectrum  for  a  PTS  chain  located  near  a  metal  surface  and  parallel  to  it.  The  sample  is 
irradiated  by  a  pump  field  and  a  probe  (test)  field. 


1.  Optical  bistability 

We  now  consider  in  this  section  a  PTS  chain  inside  an  optical  cavity.  The  chmn  is 
embeded  in  a  non-  absorbing  material  of  dielectric  constant  ci  eind  is  oriented  paredlel  to 
the  reflecting  metallic  mirrors  that  constitute  the  cavity.  The  dielectric  function  of  tho 


mirror  is 


where  ujpi  is  the  plasma  frequency  and  P  the  deunping  rate.  Our  purpose  is  to  investigate 
how  the  optical  bistability  behavior  is  influenced  by  the  presence  of  the  metallic  surface 
of  one  of  the  mirrors  if  the  polymer  is  placed  at  a  distance  d  smaller  than  the  excitonic 
wavelength.  When  an  inridrnt  laser  beam  is  directed  into  the  cavity,  excitons  are  excited 
in  PTS  and  act  as  emitting  dipoles.  The  emitted  light  is  reflected  by  the  surface,  and 
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the  reflected  light  interacts  in  turn  with  the  emitting  excitons  and  chajiges  their  response 
to  the  incident  light.  At  the  same  time,  the  excitons  couple  with  phonon  modes  in  PTS, 
which  play  the  role  of  mediation  in  the  photon-exciton  interaction®. 

We  model  the  excitons,  phonon  modes  and  cavity  field  as  damped  oscillators  cUid  as¬ 
sume  a  dissipative  interaction  between  the  exciton  and  surface- reflected  field^.  The  prob¬ 
lem  is  then  treated  by  means  of  Dekker’s  quantization  procedure  for  dissipative  systems^. 
In  this  model,  the  system  is  described  by  the  non-  Hermitian  Hamiltonian 

H  =  —  iK)a^a  +  {uj;  —  Z7i)c^c  -f-  -  i7i)b]bi  +  ^  AiC^c(6-  +  bi) 

i  i 

-f  ig(a^c  -  c^a)  +  i(a^ -  fi*c^ER  .  (2) 

Here  (a),  fej  (6,)  and  (c)  stand  fo  r  the  creation  (annihilation)  operators  for  the  cavity 
field,  the  i-th  phonon  mode  and  the  exciton  with  corresponding  frequencies  Q,  LOi  and 
ujx,  respectively,  k,  7^  and  7,  are  the  damping  rates  for  the  cavity  field,  exciton  and  i-th 
phonon  mode,  respectively;  Xi  is  the  coupling  constant  for  the  i-th  phonon  mode  interacting 
with  the  exciton;  and  g  is  the  exciton-cavity  field  coupling  constant.  The  frequency  and 
amplitude  of  the  coherent  driving  field  are  denoted  by  ujq  and  Eq,  respectively.  The  dipole 
moment  of  the  emitting  exciton  is  represented  by  p  =  fxa,  with  p  as  its  matrix  element. 
Er  stands  for  the  reflected  field  at  the  position  of  the  dipole;  it  is  proportional  to  p  and 
hence  can  be  written  as  Er  =  ErC,  where  Er  is  a  c-number.  As  we  shall  see  later,  Er  is  in 
general  a  complex  quantity,  so  that  the  interaction  is  dissipative®. 

Since  we  are  mainly  interested  in  the  relation  between  intensities  of  the  cavity  field  and 
input  field,  we  may  take  a  semiclassical  approach  by  neglecting  all  quantum  fluctuations®. 
Thus,  instead  of  the  operators  a,  bi,  c  and  c^c,  we  are  dealing  with  their  mean  values 
a  =<  a  >,  I3i  =<  6,  >,  T]  =<  c  >  and  n  =<  c^c  >.  With  these  mean  values  defined  as 
classical  variables,  the  corresponding  equations  of  motion  can  be  obtained  from  Eq.  (2)  as 
foliows®’"*’®; 
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d  = -(lAi  +  K)a  +  gr;  +  ,  (3a) 

=  -{itjJi  +  7i)/?i  -  lA.n  ,  (36) 

T}  =  -{i/S.2+'yt)‘n-i'Y^\i{Pi+P*)T]-got  ,  (3c) 

t 

n  =  —g{aTj*  +  a*Tj)  —  27tn  ,  (3d) 


where  we  have  defined  the  detunings  Ai  =  —  wo  and  A2  =  u>x—u>o  +^^5,  and  7t  =  71+7,. 

The  surface  effect  on  the  exciton  is  reflected  in  the  surface-  induced  frequency  shift 

ojs  =  \fi\‘^Re(—)  (4a) 

EUid  the  decay  rate 

7,  =  |^p/m(— )  .  (46) 

The  reflected  electric  field  Er  in  the  dipole  direction  can  be  found  by  a  classical  ap¬ 
proach.  We  take  the  oscillating  dipole  moment  to  be  located  at  a  distance  d  from  the 
surface  of  a  semi-infinite  metal.  From  electromagnetic  field  theory,  we  find  in  a  straight¬ 
forward  manner  that 

2  fOO 

Er  = I  du  exp{2ifiix)/y/l  —  ,  (5) 

2/^*  Jo 

which  has  been  expressed  in  the  unit  of  7r  =  jy^j/ipfeo.  From  now  on  and  throughout 
this  paper,  all  quantities  with  dimension  will  be  expressed  in  71.  In  the  derivation  of 
Eq.  (5),  we  have  assumed  that  the  dipole  is  perpendicular  to  the  surface.  Here  we  have 
also  defined  ko  =  uix/c,  x  =  y/cykod  and 


i?ll 
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I  =  1,2. 


(ба) 

(бб) 


If  we  introduce  a  dimensionless  input  field  intensity  =  g^\EQ\'^ ■,  we  find 
from  Eqs.  (3)  that  the  mean  exciton  number  n  satisfies  the  cubic  equation 

+  (Ai/ /c)^]n^  4-  2Ap[Ai(g'^  —  AiA2)//c^  —  A2]n^ 

+{[1  +  7j  +  (<7^  —  Ai A2)/«:]^  +  [A2  +  (1  +  7s)Ai/K]^}n  —  Jin  =  0  .  (7) 

At  the  sajne  time,  the  cavity  field  intensity  Icav  =  \oiV H\  can  be  expressed  in  terms  of 
the  input  field  intensity  Jin  as 

I  ^ _ (1  +7.)^  +  (A2  -Apn)^ _ 

[1  +  7,  +  9^ Ik  -  Ai(A2  -  Apn)//c]2  +  (Ax(l  +  7.)/«  +  A2  -  Apn]2 

where  we  have  defined  Ap  =  2^,  A^/4Ji.  Equation  (7)  is  solved  numerically,  and  the 
solutions  are  used  to  study  the  tristability  of  the  cavity  field  intensity  in  Eq.  (8)  under 
various  conditions.  When  the  incident  field  frequency  is  on  resonance  with  both  the  cavity 
field  and  the  excitonic  transition,  the  occurrence  of  optical  bistability  depends  on  the 
location  of  the  chain  in  the  cavity.  If  the  chain  is  faur  away  from  the  mirror  surfaces  of  the 
cavity,  Eq.  (7)  has  only  one  physical  solution  and  there  is  no  optical  bistability.  If  the  PTS 
chain  is  near  a  mirror  surface  or  if  d  is  smaller  than  the  excitonic  wavelength,  Eq.  (7)  may 
possess  three  real  solutions,  and  it  is  possible  *^0  find  optical  bistability  in  the  cavity.  As 
discussed  in  Ref.  5,  this  surface-induced  bistability  is  caused  by  both  the  frequency  shift 
U3  and  the  width  change  7,  of  the  excitonic  transition  due  to  the  surface.  If  the  distance 
becomes  too  small  or  i  <<  1,  the  surface  absorption  becomes  so  strong  that  the  lifetime 
of  the  exciton  is  too  short  to  interact  strongly  and  nonlinearly  with  the  phonon  modes. 
Consequently,  there  can  no  longer  be  bistability.  Off  resonance,  the  behavior  depends  very 
much  on  the  sign  of  the  detuning.  When  Ai  >  0,  the  optical  bistability  is  expressed  in  a 
normal  hysteresis  loop,  and  the  presence  of  a  surface  can  not  change  this  nature.  However, 
a  nearby  surface  can  affect  the  threshold  input  intensity  and  the  contrast  of  the  hysteresis 
loop.  When  Ai  <  0,  optical  bistability  can  usually  be  found  with  the  inverted  hysteresis 
loop,  even  if  the  sample  is  far  away  from  the  surface.  In  the  presence  of  a  nearby  surface, 
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our  calculations  show  a  completely  new  phenomenon,  namely  that  the  two  cavity  field 
intensities  cross  each  other  as  the  driving  field  intensity  changes.  In  our  numerical  work, 
we  have  included  all  four  phonon  modes  that  couple  most  strongly  to  the  excitons®’®’^®. 
These  modes  are  characterized  by  the  parameters  cl»i  =  5.16,  Ai  =  2;  u;2  =  3.68,  A2  =  1.66; 
CJ3  =  2.98,  A3  =  0.46;  =  2.36,  A4  =  0.48.  Some  of  the  results  for  Ai  <  0  are  plotted 

in  Fig.  1  in  which  we  demonstrate  the  change  of  the  bistability  nature  by  varying  the 
disteince  from  the  surface  only.  Figure  1(a)  shows  no  bistability  because  of  the  small 
distance.  As  mentioned  above,  the  strong  absorption  by  the  surface  prevents  the  exciton 
from  interacting  with  phonon  modes  nonlinearly.  There  can  not  be  optical  bistability  for 
any  Ai.  In  Fig.  1(b),  we  find  the  interesting  new  phenomenon  where  the  two  output 
states  cross  each  other,  forming  a  peculiar  8-shaped  loop.  The  cavity  field  changes  the 
normal  bistabihty  as  the  driving  field  intensity  increases,  but  follows  the  inverted  loop 
as  lin  decreases.  The  hysteresis  loop  becomes  a  triangle  in  Fig.  1(c)  at  the  distance  x 
=  2.0.  After  this  point,  the  loop  becomes  inverted  and  stays  that  way  as  the  distance 
increcises  further.  As  discussed  in  Ref.  9  in  more  detail,  in  an  optical  cavity,  the  real  part 
of  the  optical  response  of  PTS  or  the  dispersion  part  plays  a  more  important  role  than  the 
absorption  part  because  the  refractive  index  is  changed  by  the  excitons  which  are  excited 
by  the  input  field.  Our  numerical  computations  indicate  that  the  major  contribution  to  the 
bistability  comes  from  the  exciton  energy  shift  induced  by  the  surface.  This  is  in  contrast 
to  the  case  discussed  in  Ref.  5,  where  the  absorptive  bistability  is  caused  by  reduced 
vacuum  fluctuations. 

3.  Pump-Probe  Process 

In  this  section  we  consider  two  laser  beams  directed  on  a  chain  of  PTS  embedded  in  a 
medium  with  dielectric  constant  cj  and  located  at  a  distance  d  from  a  metal  surface  with 
the  dielectric  function  characterized  by  Eq.  (1).  In  the  same  way  as  the  above  section,  the 
excitons  and  phonons  are  modeled  as  damped  oscillators.  The  Hamiltonian  is 
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H  =  (cji  —  i')x)c^c  +  (w  -  i'i)bH  +  Xc^c(b^  +  b) 
-  [/xc(f;;e‘‘*''-‘  +  +  h.c.]  -  ^i^c^Er  , 


(9) 


where  Ep  (Et)  eind  u>p  (u>t)  axe  the  amplitude  and  the  freque  ncy  of  the  pump  (probe)  field, 
and  we  have  only  included  one  phonon  mode  coupling  most  strongly  to  the  excitons.  The 
subscripts  of  b,  7  and  A  have  there  fore  been  dropped.  Following  a  similar  procedure  as  in 
Refs. 5  and  11,  we  find  the  nonlinea  r  susceptibility  Xt  to  first  order  in  Et  and  all  orders  in 


£yp  as 


Xt  =  nol/ip^p*, 


where  no  is  the  density  of  the  excitons  and 

« 

=  (Ji) 

t=l 

with  r  =  A,  +  w.  -  A,n‘  +  S,  Z  =  A,  +  i(l  +  7.),  S  = 

Ap  =  Ux  —  Up  and  At  ~  Ut  —  Up.  The  superscript  i  is  used  to  denote  the  i-th  root  of  the 
cubic  equation  with  respect  to  the  excito  n  number  n; 

A^n^  —  2(Ap  +  u;,)Axn^  +  "I"  "b  (1  +  ~  ~  9.  (12) 

Therefore  the  nonlinear  susceptibility  induced  by  the  pump  field  Axt  is  the  difference 
between  the  xt  with  and  without  the  presence  of  the  pump  field  namely. 


^Xt  =  Xt\Ej,^Q  -  Xt\E„=o- 


Figure  2  shows  some  of  our  numerical  results  calculated  from  Eq.(ll)  where  we  ha  ve  used 
Ap  =  6,  u;  =  5.16,  7  =  0.04,  |pFp|  =  0.2,  and  A  =  2.  For  Figs.  2  (a)  and  (b)  we  have 
chosen  the  distances  x  such  that  the  radiative  lifetime  is  prolonged  due  to  the  presence  of 
the  metal  surface.  In  this  case  the  spectrum  of  Axt  has  three  structures,  of  which  the  t  wo 
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sidebands  are  located  at  ut  —  ujp  =  ±u}.  Evidently  they  result  from  the  interaction  between 
the  beat  component  of  the  two  incident  field  and  the  phonon.  Because  this  interaction  is 
mediated  by  the  excitons,  such  interesting  phenomenon  becomes  appreciable  only  when 
the  lifetime  of  the  excitons  is  long  enough.  For  Fig.2(c),  the  vacuum  field  fluctuation  is 
not  reduced  (so  the  lifetime  of  the  excitons  is  not  prolonged),  so  that  there  are  no  such 
sidebands  .  In  addition,  we  have  also  found  that  the  position  of  the  dispersion-like  structure 
in  the  spectrum  of  Axt  depends  on  the  distztnce  between  the  PTS  chain  and  the  metal 
surface,  and  so  does  the  width  of  the  peaJc  or  the  hole.  This  is  due  to  the  fact  that  the 
presence  of  the  surface  changes  both  the  lifetime  and  the  frequency  of  the  excitons,  and 
similar  to  Refs.  1,3  and  4,  this  change  depends  on  the  distance  of  the  excitons  away  from 
the  surface. 

We  are  grateful  to  Mr.  X.  Xia  and  Mr.  Z.  Liu  for  their  help  with  the  numerical 
calculations.  This  research  was  supported  in  pzirt  by  the  Office  of  Naval  Research. 
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Figure  Captions 

1.  Cavity  field  intensity  Icav  vs  the  incident  field  intensity  for  various  distances  x 
between  this  system  and  the  metal  surface  when  Ai  =  -0.25,  Ux/ujpi  =  0.8,  A2  =  6, 
and  g'^lk  =  0.5.  (a)  x  =  0.5,  (b)  x  =1.25,  (c)  x=2.0,  (d)  x=oo. 

2.  Pump  field  induced  absorptive  part  of  the  susceptibility  vs  frequency  of  the  test  field 
when  Ap  =  6.0,  and  ujxfujpi  =  0.8.  (a)  x  =  0.5,  (b)  x  =  0.75,  (c)  x  =  00. 


